Abstract. Turbulence mixing due to gravity wave saturation may both induce dynamical cooling and produce dissipative heatingø The net effect is studied here using the linear saturation theory by considering the wave heat flux divergence, turbulence dissipative heating, and turbulent diffusion. From the total heating rate it is shown that the net effect is critically dependent on the turbulence Prandtl number as well as on the localization of the turbulence region. The results from the linear analysis are consistent with previous observational and numerical results.
Introduction
The temperature in the middle atmosphere can be affected by local dynamical processes such as gravity waves and gravity wave saturation. Dissipation of gravity waves due to molecular viscosity converts kinetic energy into internal energy and provides a heating source [Hines, 1965] . On the other hand, Walterscheid [19814] showed that such dissipating gravity waves induce downward heat flux and can cause a net cooling. Similar arguments should also apply to the dissipation due to gravity wave saturation or wave filtering. By in situ measurement, Liibken [1998] showed that large heating and cooling rates can result from the interactions between gravity waves and diurnal tide, which may lead to the tmnperature inversion layer. The implications for global dynamics are discussed by Gavrilov and Roble [1994] and Akmaev et al. [1997] .
Exact determination of the net effects due to gravity wave saturation, however, is difficult because it requires quantitative information of the turbulence production, in an air duct flow [Hinze, 1959] . Similarly for middle atmosphere studies, it is difficult to obtain definite Prandtl number measurements.
The purpose of this study is to understand the energy transfer and transport and the associated temperature changes during gravity wave breaking and their quantitative dependence on the turbulent Prandtl number and the mean state. Because linear saturation theory [Lindzen, 1981] (hereinafter referred to as L81) is a si•nple and successful tool in understanding the dynamics in the gravity wave saturation process and provides good quantitative estimates for global dynamics [e.g., Holton, 1982 Holton, , 1983 , similar arguments and procedures are fol- 
Linear Theory
In this section the heating rates due to the gravity wave heat flux divergence, turbulent diffusion, and kinetic energy dissipation are derived for a single breaking gravity wave according to linear wave theory and linear saturation theory. In the analysis, potential temperature is used as the state variable for the energy equation The changing rate of the mean potential tempera-Alternatively, the potential temperature heating rate ture (hereinafter loosely called the potential tempera-due to wave heat flux divergence can be written as the 
where Rio is the Richardson number of the background mean flow. This number is usually much larger than 1 under normal background atmosphere conditions, and therefore the second term is dropped hereinafter. The heating rate caused by the dissipation is e(Oo/cpTo). By adding this rate to the the potential temperature heating rates due to wave heat flux divergence and turbulent diffusion, the total potential temperature heating rate can be obtained: When the breaking region descends, the descending rate depends both on the gravity wave stability and background flows such as tidal waves [Liu and Hagan, 1998 ].
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The analytical results may be used in combination with observations to estimate the mean eddy diffusion coefficients, the turbulent Prandtl number, and the localization measure of the turbulence, if multiple measurements of heat fluxes and dissipative heating rates could be made. They can also be tested for the parameterization of gravity wave breaking processes for the general circulation models, where the turbulent Prandtl number and the turbulence localization measure can be used as the adjustable parameters for the scheme. 
